I. INTRODUCTION
Superconducting tunnel junctions ͑STJs͒ are promising devices for high performance photon detectors in a very broad energy range from eV to several keV.
1 STJ detectors consist of two superconducting metal layers separated by a thin insulating barrier. A number of quasiparticles are excited from Cooper pairs in the superconducting layers by incident x rays. The energy of the x rays is converted to an electric charge of the excited quasiparticles. Since two superconducting layers are short circuited by the dc Josephson current, it is difficult to discriminate the excess tunneling current of excited quasiparticles from the latter. Therefore, a magnetic field is applied in parallel with the insulating layer to suppress the dc Josephson current. After suppressing the dc Josephson current, a potential difference is produced between the two superconducting layers by applying a dc voltage or dc current across the junction. An electric signal is generated by the electric charge of the excited quasiparticles tunneling through the barrier.
Various types of STJs have exhibited excellent energy resolution in the detection of x-ray photons. The energy resolution of the Al-based STJ detector has been improved to 12 eV full width at half maximum ͑FWHM͒ for Mn K␣ 1 x rays of 5.89 eV by Angloher et al. 2 On the other hand, Nb-based STJs have been investigated by modifying a fabrication technology developed for Josephson devices.
3 A RIKEN group developed a Nb-based STJ x-ray detector with an energy resolution of 41 eV FWHM for Mn K␣ x rays of 5.89 eV. 4 However, the theoretical limit of the energy resolution of STJ detectors is estimated to be 3 eV FWHM for 5.9 keV x rays.
1
In the operation of the STJ detector, the dynamic resistance is an important parameter for detector performance such as the signal-to-noise ratio and stability. The currentvoltage (I -V) characteristics around the bias point, give the dynamic resistance of the detector. Since the I -V curve of the STJ is modulated by the magnetic flux penetrating the barrier region of the STJ, the performance of the STJ detector is affected by the magnitude and direction of the penetrating magnetic flux. 5 Usually, a conventional electromagnet is used to apply the magnetic field in parallel with the tunnel barrier of the STJ for suppressing the dc Josephson current. The electromagnet is separated from the STJ chip in the experimental space. In this case, the configuration of the magnetic flux could be distorted by the geometrical error in the arrangement of the STJ chip and the magnet. The geometrical error may cause degradation in the operational performance of the STJ detector. Furthermore, a leakage field may induce a noise voltage in the signal wire of the detector. To operate the STJ detector with excellent energy resolution, it is important to establish a precise arrangement of the magnetic flux in the insulating region.
We have devised an on-chip coil integrated STJ (OC 2 -STJ) for improving detector performance. 6 The OC 2 -STJ consists of an STJ and a superconducting strip coil deposited on the junction. The strip coil is expected to pro- duce a precise and localized magnetic field. The dc Josephson current is suppressed by applying the magnetic field produced by the strip coil of the fabricated OC 2 -STJ. 6 The detection signal of x rays has been observed in the operation of the OC 2 -STJ by applying the magnetic field produced by the strip coil. 7 However, thermal runaway has occurred in the OC 2 -STJ chip due to the Joule heat generated in the contact pads of the strip coil. 6, 7 In this work, we carried out an experiment in which stable operation of the OC 2 -STJ for x-ray detection was obtained by applying the magnetic field produced by a strip coil integrated on the chip.
II. OC 2 -STJ CHIP
The schematic structure of the OC 2 -STJ is shown in Fig.  1 . The superconducting microstrip coil is integrated into the STJ chip. The strip coil produces a magnetic flux which penetrates the insulating region of the STJ. In the OC 2 -STJ chip, the geometrical configuration of the STJ and the strip coil defines the condition of the magnetic flux in the insulating region. Since the I -V curve of the STJ is modified by the magnitude and direction of the penetrating magnetic flux, 5 the OC 2 -STJ is expected to allow precise control of the I -V curve by tuning the coil current. Furthermore, the applied magnetic field is localized in the chip area.
We have developed a fabrication technique for OC 2 -STJs. 
III. EXPERIMENTAL RESULTS
In a preceding experiment, the OC 2 -STJ chip was cooled by a compact 3 He cryostat for x-ray detection. 7 A squareshaped OC 2 -STJ chip with an area of 5ϫ5 mm 2 was glued onto a holder made of gilded copper using Apiezon N grease. The chip holder was attached to the cold stage of a compact 3 He cryostat. The contact pads on the chip were connected to the relay electrodes on the holder by aluminum wires 25 m in diameter and 5 mm long. Ultrasonic bonding was employed to bond both ends of the aluminum wires to the pads and the electrodes. For x-ray detection, the magnetic field was generated by the strip coil integrated into the chip. The current was supplied from the electrodes of the chip carrier to the contact pads on the chip through the aluminum wires. However, thermal runaway occurred in the chip and its temperature rose to 4 K at a coil current of 20 mA.
The temperature rise of the OC 2 -STJ chip was examined using the same arrangement as in the preceding experiment. A current of 15 mA was supplied to the chip through the aluminum wires. Figure 3 shows the temperature rise of the OC 2 -STJ chip from 400 mK in 60 s as a function of the number of aluminum wires supplying a current of 15 mA. Since the chip was cooled by heat conduction in a high vacuum environment, the cooling power was small to remove the Joule heat generation in the current feed line between the electrodes of the chip carrier and the contact pads on the chip.
In this work, a cooling capsule was employed to prevent thermal runaway in the OC 2 -STJ chip. As shown in Fig. 4 , a cooling capsule was attached to the base plate of the mixing chamber of a compact 3 He- 4 He dilution refrigerator. The cylindrical body and the cap flange of the capsule were made of copper. The OC 2 -STJ chip was glued to the inner surface of the cap of the capsule using GE7031 varnish. Aluminum wires, 25 m in diameter, made electrical contact between the contact pads on the chip and the relay electrodes on the cap. The wires of a Cu-Ni matrix Nb-Ti, 50 m in diameter, were used for the signal readout, bias supply, and coil current supply through the cap of the capsule. An x-ray source of 55 Fe was placed in front of the OC 2 -STJ chip in the capsule. Helium gas was fed into the capsule and pressurized to 0.6 MPa at room temperature. The capsule contained the pressurized helium gas without leakage at temperatures below 1 K using an indium seal and bellows valve. The pressurized helium gas was condensed during cool down by the refrigerator. The condensed helium film and the vapor of the saturated helium removed the Joule heat in the contact pads of the chip while feeding the coil current.
In experiments with a STJ detector cooled by the compact 3 He- 4 He dilution refrigerator, the electric charge of quasiparticles excited by incident x rays were collected by a conventional charge-sensitive preamplifier placed on the top flange of the refrigerator. 8 In this case, a large noise component was observed in the output signal of the preamplifier. The large noise component might have been induced by the 1.5 m long wiring between the STJ and the input gate of the field-effect transistor ͑FET͒ of the preamplifier. Therefore, in this work, the input FET was separated from the preamplifier unit and located inside the inner vacuum chamber which contains the low-temperature parts of the refrigerator such as the 1 K pot, the still, and the mixing chamber. An AMPTEK A250 and a 2SK190 were used for the preamplifier unit and the input FET, respectively. Figure 5 shows a schematic diagram of an optimization of the circuit parameters of the A250 connected to the input FET of a 2SK190 placed in a chamber. Since the STJ detector has the impedance of a parallel resistance connection and the capacitance of the equivalent circuit for the signal readout, the input gate of the FET was connected with a dummy detector consisting of a resistor R d of 100 k⍀ in parallel with a capacitor C d of 500 pF. The drain and gate of the FET were connected to the A250 outside the chamber through 1 m long cables. The FET of the 2SK190 with the dummy detector was placed in a small chamber bathed in liquid nitrogen. The output voltage oscillation of the A250 was suppressed by using an R DR of 2 k⍀ and a C COM of 10 pF. The output voltage of the A250 was measured by a root-mean-square ͑rms͒ ac voltmeter after processing by an ORTEC 572 amplifier. The rms value of the noise equivalent electrons collected by the preamplifier was estimated from the measured rms noise voltage by taking into account the feedback capacitance of 3 pF. Figure 6 shows the dependence of the rms value of the noise equivalent electrons in the A250 on the temperature of the 2SK190 for several shaping time constants of the ORTEC 572. In operations of usual Nb-based STJ detectors, output signals of the preamplifier are processed with time constants from 0.5 to 1.0 s. The effective energy for a single electron collection of STJ detectors takes a value of 1 meV.
1 Therefore, the contribution of the electronic noise to the pulse height of the detection signal is estimated to be 5 eV FWHM from the rms value of the noise equivalent electrons of 1800 at a 2SK190 temperature of 100 K with a shaping time constant of 0.5 s in Fig. 6 . In the inner vacuum chamber of the refrigerator, the 2SK190 was placed on the 1 K pot through a weak thermal link with a heater for regulating the temperature of the FET at 100 K. The wiring diagram for the OC 2 -STJ is drawn in Fig. 7 . The filter units in the current feed lines were located on the still for the bias of the junction and on the mixing chamber for the strip coil.
The temperature of the OC 2 -STJ chip was kept around 600 mK by regulating the FET temperature at 100 K. The diamond-shaped 100ϫ100 m 2 STJ was operated for x-ray detection at temperatures below 1/10 of the critical temperature of Nb. The strip coil deposited on the STJ generated a magnetic field in parallel with the barrier layer to suppress the dc-Josephson current. After suppressing the dc-Josephson current, the junction was operated for x-ray detection by supplying a bias current. Since the Fiske resonance appeared in the vicinity of the operating conditions for x-ray detection, the coil and the bias currents were tuned carefully. The output signal of the preamplifier was processed by an ORTEC 572 amplifier with a shaping time constant of 0.5 s. The pulse height of the processed signals was analyzed with a multichannel analyzer.
A pulse height distribution is shown in Fig. 8 . The junction was operated at a bias current of 114 nA and a coil current of 17.0 mA. The strip coil generated a magnetic flux density of 2.55 mT in the barrier region. In the pulse height distribution, the peak centered at 574 channels corresponds to the electric charge of the tunneling quasiparticles excited by incident 5.9 keV x rays emitted from the 55 Fe source. Since the peak position at 574 channels is equivalent to 117 mV in the pulse height of the signal pulse from the preamplifier, the effective energy for single electron collection is estimated to be 2.7 meV. Due to poor-energy resolution, the full energy peak is not separated into the K␣ and K␤ of the 55 Mn x rays. The energy resolution of the 900 eV FWHM is evaluated from the full energy peak. Two kinds of rise time with 0.7 and 2.0 s were observed in the output voltage pulses of the preamplifier. The fall time constant of the pulses was observed to be 30 s. The value of dynamic resistance of the STJ in operation is estimated to be 300 ⍀ by fitting the fall profile of the pulses. The small dynamic resistance may induce a large electronic noise voltage in the output signals of the preamplifier. A shoulder structure appears at channel 714 in the high-energy side of the full energy peak and has a tail to channel 820. For output voltage pulses corresponding to this shoulder structure, the rise time constant was observed to be 2.0 s. The rise time constant is defined by the lifetime of the quasiparticle excited in the superconducting metal layer, 9 and is proportional to the characteristic time 0 of a superconductor, which takes values of 0 ϭ483 ns for aluminum and 0 ϭ0.15 ns for niobium. 10 The quasiparticles excited in the base electrode have a longer lifetime than those excited in the top electrode since a thin aluminum layer is deposited on the niobium layer in the base electrode. Output voltage pulses with a rise time of 2.0 s were generated by tunneling of the excited quasiparticles in the base electrode. Therefore, the shoulder with a tail structure shown in Fig. 8 is attributed to full energy absorption in the base electrode. Because of the small dynamic resistance at the bias point, the OC 2 -STJ produced poor-energy resolution in the measurement of the response to 55 Mn x rays. However, the OC 2 -STJ exhibited stable operational performance during x-ray detection. Excellent performance is expected by improving the junction qualities of the OC 2 -STJ such as the leakage current below 10 nA, the dynamic resistance above 100 k⍀ and the critical current density above 200 A/cm 2 . Fe x-ray source by applying the magnetic field produced by the strip coil in the OC 2 -STJ chip. The STJ was operated at a bias current of 114 nA and with a coil current of 17.0 mA.
